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Obsidian is a natural glass of volcanic origin that is formed by the rapid cooling of viscous
lava. Obsidian’s mechanical properties in structure mechanics are visible in almost all
aspects such as fracture pattern, elastic modulus, hardness and fracture toughness when
compared to soda lime glass. Obsidian is currently used to produce scalpel blades and it
forms sharper edges than any best surgical steel can do. The reason for the sharpness is
speculated because of its structure and the way it fractures. Obsidian being an igneous
rock, illustrates conchoidal fracture. As this natural glass cools very rapidly, the residual
stresses in obsidian affects the way in which it fractures. This research is focused on the
phenomena of residual stresses in obsidian and understanding the consequence of thermal
annealing on the mechanical properties of obsidian. The indentation results indicated that
obsidian has higher hardness than soda-lime glass. This work also compares the difference
in the microstructure between obsidian and soda-lime glass. The presence of alumina is
observed in obsidian. This study also shows the effect of thermal annealing on elastic
properties of obsidian and its relation to residual stress. However, due to complex nature
and structure of obsidian, any further research needs interdisciplinary efforts.
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CHAPTER I
INTRODUCTION
I.1 Background
Obsidian was discovered in Acheulian age around 1.5 million years ago [? ]. Places with
rhyolitic eruptions are the main source of obsidian. Obsidian is a naturally occurring glass
is formed as an extrusive igneous rock, when volcanic lava cools rapidly [? ]. In spite
of their great significance to mankind through its involvement in most horrifying volcanic
events, very little is known about it. Pre-Columbian Mesoamericans carved and worked on
obsidian for making tools and decorative objects [? ]. Obsidian was also used in making
weapons, masks, jewelry and mirrors. Sourcing of obsidian plays a very important role in
understanding the ancient civilizations [? ]. Volcanic glasses once cooled do not devitrify
unless they are subjected to heat or pressure. Obsidian when heated is vesiculated, that is
it forms bubbles due to the release of volatiles. Due to this property it is generally used
as light weight building material and fillers for composite light weight materials [? ]. In
archeological world, obsidian is used in a process known as bipolar reduction, wherein a
piece of obsidian is placed on a hard anvil and smashed with a processor to produce sharp
flakes that could be used for various cutting tasks.
Presently, obsidian is used to produce scalpel blades. It is very important to understand
the degree of this sharpness. Obsidian is 210 to 1,050 times sharper than surgical steel,
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100 to 500 times sharper than razor blade and 3 times sharper than diamond blade [? ].
This was analyzed using lithic technology, through which a extremely sharp blade from
the core of obsidian can be made. The cutting edge is a formed from a single fracture line,
the edges measured through SEM are about 30 angstroms. At a magnification of 10000
times, the glass blade remains at a definite sharp blade where as razor blade is flat. The
comparison between this edge and a razor blade was done by Buck [? ]. Figure ??
shows an obsidian edge and figure ?? shows the edge of a metallic blade [? ]. During
surgical procedures the ragged edges of the metallic blade can entangle flesh in it whereas
obsidian the edge is very sooth. So, it was widely used in surgical procedures. Disa et
al. studied the efficiency of obsidian blades in wound healing of rats, these wounds also
had less inflammation. Their study concluded that the scar width of the wounds caused by
obsidian was significantly less than that caused by steel [? ]. Obsidian’s use as a scalpel
was a rediscovery of the flint-knapping technique [? ]. Flint-knappers produce a sharp
edge of obsidian using controlled fracture. These sharp edges in obsidian are due to a
type of fracture which is known as conchoidal fracture. This resembles a semicircular
shell, with a smooth, and curved surface with no distinct planes and also occurs in flint,
cubic zirconia and diamond. The fracture of this kind is generally associated with the
flaws that occur in processing of the material. The amount of energy associated with crack
propagation is related to the extent of crack branching which occurs extensively if large
residual stresses or applied stresses exist. However, human clinical trials have not yet been
approved by the US food and drug administration as obsidian is a natural glass and can
have contamination or it can break during a surgical procedure. But it is always worthwhile
to understand the reason behind the sharpness.
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Figure I.1: SEM image of ob-
sidian blade
Figure I.2: SEM image of
metallic blade
I.2 Motivation
To understand the relation between the structure of obsidian to its mechanical properties
and to investigate the effect of thermal annealing on its mechanical properties. This study
reports the behavior of residual stresses at these thermal annealing temperatures.
I.3 Literature Survey
Scientifically and technologically very little was known about obsidian as it requires an
interdisciplinary approach. Geologists were interested in the archaeological origin of ob-
sidian, hydration and fission track [? ? ] whereas in medical industry obsidian was used
to produce scalpels. Even though obsidian has quite a number of applications only few
experimentalists were interested in the mechanical and chemical properties of obsidian. In
1924, George measured the Mohs scratch hardness, density and refractive index of some
volcanic glasses [? ]. This research was supported with an investigation on the chemi-
cal and physical properties of obsidian and they also compared the properties of obsidian
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to pyrex and metallic glass [? ]. Ericson et al. concluded that obsidian has high silica
content than granite and has high hardness compared to silica glass. Gerth et al. were
the first to investigate the mechanical properties of natural glasses using indentation meth-
ods, they reported the Young’s modulus of obsidian using the Knoop hardness and Vickers
hardness test [? ]. Dorfman et al. investigated the mechanical and structural properties
of obsidian and compared their fracture behavior to fused quartz [? ]. They inferred that
the segregation of its major chemical components have significant affect on its mechanical
properties. Husien explored the micro-mechanical properties of obsidian and compared
them with fused quartz. He concluded that the hardness of obsidian is greater than that of
artificial glass [? ].
Some high temperature and high pressure studies were conducted on obsidian. Mat-
sushima et al. reported the elastic modulus of volcanic glass, glassy rocks and crystalline
rocks at different temperatures [? ]. Murase studied the visco-elasticity behavior and
Young’s modulus at higher temperatures [? ]. Suito reported the elastic properties of
obsidian under high pressure up to 6 GPa using ultrasonic technique [? ]. It was observed
that shear wave velocities in obsidian reach their minimum at 3.8 GPa and increase signif-
icantly up to 6 GPa. Asdelounis et al. studied the behavior of obsidian under scratch test
[? ]. Ma et al. studied the origin of color in obsidian and analyzed their spectroscopic
properties. They suggested that the transmission color of obsidian is due to the presence of
Fe3+ and Ti3+ even though the oxidation state of Ti is still debatable [? ]. High tempera-
ture studies on obsidian helped reconstruct fire histories. The hydration bands of obsidian
establishes pre-historic site chronologies and depositional integrity [? ]. Kolzenburg et
al. observed that the mechanical behavior of a glass is determined by its thermal and
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stress history after it has crossed the glass transition temperature. They also concluded
that heat treatment of obsidian affects the mechanical properties of the natural glass and
it has higher post-fragmentation strengths than glass [? ].This study also mapped the to-
pography, modern features, areas of burning and division of clusters in archeological sites
into eight different categories. Shackley et al. analyzed the thermal behavior of obsidian
in a controlled environment and concluded that the chemical composition of this natural
glass is not altered by high annealing temperature [? ].
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CHAPTER II
EXPERIMENTAL DETAILS
II.1 Sample Preparation
Figure ?? shows a sample of obsidian which was obtained from Wards Natural Science
Establishment (Rochester, NY). The color of obsidian is due to the presence of different
elements like Fe and Mg in very little quantities [? ? ]. Quite strangely, it appears in other
different colors depending on the direction in which it is cut. When cut in one direction
it is jet black whereas in another direction, it is gray. In this research obsidian, (79.26%
SiO2, 12.41% Al2O3, 4.14% Na2O, 3.98% K2O, 1.47% Fe2O3, 0.35% CaO, 0.11% TiO2,
0.05% MgO ) [? ] was compared with a reference material which has similar silica
content. The reference material was a glass slide (73% SiO2, 2% Al2O3, 14% Na2O, 7%
CaO, 4% MgO) of Type II as per A.S.T.M. - 438 federal spec DD-G-54lb [? ]. These
reference samples were obtained from Thermo Fisher Scientific Inc.
Obsidian rock was cut using a precision saw (Isomet 1000) and later sliced to flat 5 mm
samples using a diamond blade on a low speed cutting saw (Struers Minitom). Standard
metallographic techniques were used to polish the samples. Figure ?? shows the polished
obsidian samples in a nanoindentation test. Few samples show snowflake pattern, which
is generally attributed to the presence of cristobalite. For Tg measurements, very small
samples weighing less than 10 mg were used.
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Figure II.1: Black obsidian
Figure II.2: Obsidian used for nanoindentation
II.2 SEM-EDS Analysis
Scanning Electron Microscopy (SEM) was employed for high magnification imaging of
obsidian. Hitachi S-4800 Type II Ultra-High resolution field emission scanning electron
microscope (GCEMarket, Inc., Blackwood, NJ) was used. Energy dispersive X-ray spec-
troscopy (EDS) was used to analyze the elemental compositions in obsidian. Obsidian
being a non-conducting material was coated with gold/paladium to prevent charging while
performing SEM-EDS.
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II.3 X-ray Fluorescence
X-Ray Fluorescence is a very powerful technique when compared to EDS. A lot of re-
search has been done on sourcing of obsidian using XRF. It was basically used to study ar-
chaeological specimens and obsidian artifacts. A X-ray fluorescence (Edax Inc., Mahwah,
NJ) instrument was used to analyze the glass samples. To efficiently excite the elements
from Fe to Mo X-rays from 17 keV to 40 keV were focused on the sample. The other
advantage of XRF is that no coating of glass samples was required.
II.4 FTIR Analysis
InfraRed spectrum represents a fingerprint region , which is unique to the material. This
region has absorption peaks which relate to the frequencies of vibrations between bonds.
A Fourier Transform equation is used to get the full spectrum. In addition to the iden-
tification of bonds, spectroscopy indicates the amount of material present in the form of
peaks. Attenuated Total Reflectance - Fourier Transform InfraRed (ATR-FTIR) was uti-
lized to acquire spectra of obsidian and glass using FTIR Varian 680-IR Spectrometer and
Cary 600 Series FTIR Microscope (Agilent technology, Santa Clara CA). The spectra was
collected between 1400, and 400 cm−1 using a diamond probe. Samples were subjected
to 32 scans at a resolution of 4.0 cm−1. A temperature of 28°C was maintained during the
experiment. The sample surfaces were made flat to avoid noise due to surface roughness.
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II.5 Surface Roughness
The surface roughness of obsidian was calculated using Atomic Force Microscopy (Asy-
lum Research MFP- 3D). AC 240 tip, made of silicon was used in contact mode. Obsidian
samples were held on glass slides during experimentation. A 3D profile on nanoscale was
obtained by measuring the forces between the sharp probe and the surface at a very close
distance. The cantilever tip records small force between the probe and surface in contact [?
].
II.6 Nanoindentation
Nanoindentation is a commonly used method to determine the elastic modulus and hard-
ness of an unknown materia [? ]. This method is generally used to determine the prop-
erties at nano level. Experiments were performed on a Nanoindenter XP system (MTS
Systems Corporation, USA) using CSM Hardness, Modulus and Tip Calibration. Contin-
uous Stiffness Measurement (CSM) method is a well-established technique for obtaining
elastic modulus and hardness data continuously during nanoindentation [? ]. Due to
the high frequency of the oscillations used, CSM is less sensitive to thermal drifts. CSM
can be used to measure properties continuously during the indentation process instead of
discrete unloading cycles [? ].
Mechanical properties of obsidian are determined using Berkovich tip. The analysis with
this tip could be used to correlate the theories on elasticity. When compared to a four sided
Vickers indenter, Berkovich tip is more sharper ensuring precise control over indentation
process. The values Eindenter = 1141 GPa, ν indenter = 0.07 and ν obsidian = 0.18 where ν
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denotes Poisson’s ratio and E denotes elastic modulus are used in all computations.
II.7 Effect of Pile-up/Sink-in on Nanoindentation
During the elastic-plastic indentation, a zone of plastically deformed material may extend
beneath the indentation and around the perimeter of contact [? ]. Kinematics of inden-
tation process involves the presence of primary slip in the local deformation around the
indent. Dominance of this primary slip at the intersection of primary slip direction and
the indented surface gives rise to pile-up. Plasticity in a material is understood with the
amount of pile-up or sink-in at the surface during indentation. Not accounting for pile-up
leads to underestimation and/or overestimation of the contact area, which results in erro-
neous elastic modulus and hardness. Ratio of the residual depth of the indentation to the
total depth, hf / hmax was a critical factor in predicting pile-up [? ]. Numerous methods
were introduced to correct pile-up. Truck et al. introduced a technique which utilizes
the information on the energy dissipated during the indentation to determine mechanical
properties [? ]. As this method was less sensitive to the effect of pile-up, Hertzian load-
ing analysis method was employed to correct hardness and elastic modulus. This method
calculates the pile-up contact area by relating the contact depth to the contact radii. In
this research the indents were scanned after indentation to correct for pile-up [? ]. This
method can be compared to Atomic Force Microscopy with the only difference being that
it has a very low compliance. Equations ?? and ?? were used for calculation of pile-up
where AOliver−Pharr is the area obtained from Oliver-Pharr model of load-displacement
graphs , APile−up is the area obtained upon pile-up, hc is the depth of indentation and co-
efficients ai give the height of pile-up in three directions. A Berkovich tip was used for all
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calculations, figure ?? depicts the schematic of the tip where a is the contact perimeter, LT
is the pile-up height, b representing the side of the indent. These parameters also depend
on the indenter geometry and the depth of indentation.
Atrue = AOliver−Pharr + APile−up (II.1)
∆A = Atrue − AOliver−Pharr = 1.923hcΣai (II.2)
Figure II.3: The semi-ellipse approximation technique [? ]
II.8 Thermal Annealing
Annealing is a process of heating glass samples uniformly and holding it at temperature
long enough to remove all stresses caused from manufacturing process or thermal history.
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Soaking time also called as holding time plays a very important role in annealing. Soak-
ing time is the amount of time at which the material is heated in the tube furnace. Shorter
soaking time at a lower temperature may not relieve all the stresses present in glass. Ther-
mal annealing was performed in a Sentrotech tube furnace. Glass samples were cooled
very slowly as the surface and interior regions cool at different rates. To prevent oxidation,
thermal annealing was performed maintaining inert atmosphere. The obsidian and soda-
lime glass samples were weighed and examined for physical changes. The samples were
subjected to a thermal annealing cycle as shown in figure ??. The samples were initially
heated to a certain temperature, soaked for 2 hours and later were cooled down slowly to
room temperature. After every thermal annealing session, SEM-EDS analysis was done.
The samples were subjected to six heating sessions starting from 300°C to 800°C. The
heating rate was 5°C/min and cooling rate was 3°C/min.
Figure II.4: Thermal annealing cycle
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II.9 Differential Scanning Calorimeter
Differential Scanning Calorimetry is a thermo-analytical technique, in which the sample
and reference are heated to a certain temperature and the difference in the amount of heat
required to raise the temperature by one degree is measured as a function of temperature.
Using DSC exothermic or endothermic reactions can be identified. DSC curve can also be
used to calculate the enthalpies of transition. Thermal behavior of obsidian was studied
using a Netzsch STA 449 F1(Jupiter) under constant flowing argon. Less than 10 mg of
obsidian samples are loaded on to the aluminum pan. Thermal analysis has been performed
to determine the changes in mass and caloric reactions in the temperature range of 25°C to
1200°C. To obtain Tg, the samples were heated to 1200°C at a scan rate of 10°C/min, held
at that temperature for 5 min, to eliminate any previous thermal history and then cooled
slowly to room temperature.
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CHAPTER III
RESULTS AND DISCUSSION
Husein’s work reported that fracture toughness of obsidian is twice that of glass and Dorf-
man textit et al., related this behavior to compositional change [? ? ]. So, this study
analyzed the compositional difference and similarities between obsidian and soda-lime
glass.
III.1 Composition: Obsidian vs Glass
Elemental composition of obsidian and soda-lime glass was determined with SEM-EDS
analysis. Table ?? shows the average elemental compositions of ten obsidian samples and
it is inferred that obsidian has high percentage of aluminum content when compared to
soda-lime glass. From table ?? it can be inferred that soda-lime glass has high percentage
of sodium which is added to the glass during production to lower the melting point. To
comprehend and support these results, a more powerful technique like XRF is required.
Table III.1: Elemental composition using EDS
Sample Si O Al K Na
(wt%) (wt%) (wt%) (wt%) (wt%)
Obsidian 38.4 ± 0.1 41.1 ± 0.3 6.8 ± 0.1 4.2 ± 0.5 2.3 ± 0.3
Soda Lime Glass 35.2 ± 0.8 47 ± 0.4 0.9 ± 0.1 1.4 ± 0.2 10.5 ± 0.8
14
XRF was performed to support the observations of EDS on glass samples. Table ??
shows the elemental compositions of the two glasses. It can be observed that the XRF data
does not show elemental composition of oxygen as it is unable to quantify lighter elements
in the periodic table. Obsidian and glass show traces of Ti and Mn, the only difference
being that obsidian shows presence of Fe. Obsidian is black in color due to presence of Fe
whereas soda-lime glass is optically clear as it has no Fe composition. Oxides percentages
in table ?? confirm the presence of alumina in obsidian.
Table III.2: Elemental composition using XRF
Sample Na Mg Al Si K Ca Fe
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Obsidian 6.1 ± 0.1 0.3 ± 0.1 10.5 ± 0.2 71.0 ± 0.3 9.1 ± 0.2 1.3 ± 0.2 1.3 ± 0.1
Glass 17.3 ± 0.2 5.9 ± 0.1 1.5 ± 0.1 64.2 ± 0.1 1.6 ± 0.1 9.3 ± 0.1 0.04 ± 0.01
Table III.3: Oxide composition: obsidian vs glass
Sample Na2O MgO Al2O3 Si2O3 K2O CaO Fe2O3
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
Obsidian 6.0 ± 0.2 0.3 ± 0.1 10.5 ± 0.3 71.0 ± 0.5 9.1 ± 0.2 1.2 ± 0.3 0.1 ± 0.2
Glass 18.2 ± 0.2 6.0 ± 0.1 1.5 ± 0.1 69.1 ± 0.7 1.6 ± 0.1 4.4 ± 0.1 0.02 ± 0.01
Field strength of aluminum is greater than sodium and potassium based on network
theory of Dietzel [? ]. Hence, aluminum can form a bond with oxygen and replace silicon
in the hierarchical structure. Two major observations have been inferred from EDS data:
(i) There are Si-O-Si bonds in soda-lime glass whereas Si-O-Al bonds in obsidian (ii) It
is also observed that the oxygen to silicon ratio in obsidian is less than that of glass. For
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better understanding of the bonds in these samples, Fourier Transform InfraRed (FTIR)
was performed.
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Figure III.1: FTIR: obsidian vs glass
Figure ?? shows the Fourier Transform InfraRed (FTIR) absorption spectra of obsid-
ian and glass investigated between 1400, and 400 cm−1. FTIR spectra of glass has three
absorption bands around 725, 860, and 1086 cm−1 whereas obsidian has three absorption
bands around 720, 865, and 1101 cm−1. The peak around 720 cm−1 is assigned to Si-O-Si
symmetric stretching of bridging oxygens, the peak around 860 cm−1 is assigned to Si-O
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stretching of non-bridging oxygens. Significant peak shift between obsidian and soda-
lime glass is observed for the third absorbance peak. This shift can again be explained
with the theory of Dietzel. Pure silica asymmetric vibration is around 1110 cm−1 and as
the network formers in obsidian are only Al and Si, the substitution of Al amongst Si-O-Si
network will reduce the stretching wave number [? ]. Al being the second neighbor to Si,
will attract more oxygen atoms than Si. Hence, the asymmetric stretching wavenumber of
Si-O-Al will be located at a lower wavenumber than Si-O-Si. The shift can also be rea-
soned due to the fact that atoms of higher mass vibrate at lower frequencies than the bonds
between lighter mass atoms [? ]. Equation ?? shows a relation between wavelength and
reduced mass where υ is the natural vibration of the bond, c is the velocity of light, k is a
constant which varies from bond to bond and µ is the reduced mass.
υ =
1
2pic
√
k
µ
(III.1)
Condon-Morse model validates that modulus is influenced by the dimensionality and
connectivity of the structure [? ]. Based on the hardness values of alumina and silica,
alumina has a hardness of 3 on Mohs scale and silica has a hardness of 6 - 7 on Mohs
scale. So, compositional change cannot be the only factor which controls these proper-
ties. To understand this better fundamental mechanical characterization on obsidian was
performed.
As the mechanical characterization of obsidian was done at nanoscale, it is very im-
portant to check if the surface roughness of obsidian is within limits.
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III.2 Surface Roughness
To understand the structure property relation for obsidian, preliminary experiments have
been performed to determine its mechanical properties. Surface roughness can affect the
results of nanoindentation, so obsidian samples were imaged using Atomic Force Mi-
croscopy (AFM) and surface roughness was calculated.
Figure III.2: Scan size-1 µm2 Figure III.3: Scan size-25 µm2
Table III.4: Surface roughness of obsidian
Scan size RMS value
(µm2) (nm)
1.0 1.789
25.0 1.790
100.0 1.785
Figure ??, ?? and ?? show the surface of obsidian for different scan areas of 1 µm2,
25 µm2, 100 µm2 respectively. The RMS values of surface roughness for the three scanned
areas are shown in table ??. The average RMS value of surface roughness was determined
to be 1.7 nm which is less than 1/10 th the indentation depth. So it can be inferred that
18
surface roughness does not affect the mechanical properties.
Figure III.4: Scan size-100 µm2
III.3 Nanoindentation Results
The calculated indentation modulus and hardness by the CSM technique of nanoindenta-
tion are shown in table ??. These values were an average of ten different samples with
fifty indents on each of them. Figure ?? shows a typical load vs displacement graph for
obsidian. To calculate the elastic modulus, the values were calculated for an average of
200 to 1000 nm. The variation of modulus with respect to displacement for two indents
is depicted in figure ??. The maximum depth of these indents is 1500 nm. The elastic
modulus and hardness values are in agreement with literature [? ? ]. The results show
that the hardness of obsidian is greater than glass. As indentation involves plasticity, it is
interested to check if the residual image of obsidian shows any change in contact area due
increase or decrease in plasticity.
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Figure III.5: Load vs displacement Figure III.6: Modulus vs depth
Table III.5: CSM indentation results
Sample Indentation Modulus Indentation Hardness
(GPa) (GPa)
Obsidian 72 ± 3 6.5 ± 0.3
Soda Lime Glass 68 ± 2 5.5 ± 0.4
III.4 Correction for Contact Area
Obsidian is a volcanic rock which cools very rapidly [? ], whereas an artificial glass is
generally manufactured upon slow cooling. As, the thermal history of a material is a crit-
ical factor in deciding pile-up or sink-in behavior during indentation [? ] one can expect
such behavior in obsidian. In nanoindentation, the mechanical properties will depend on
the amount of stress which is applied on the surface. The amount and nature of stress will
decide the shear stress beneath the indenter. This shear stress drives the plasticity which
in turn causes pile-up or sink-in in materials. Generally, compressive stresses lead to large
pile-up whereas pile-up is smaller for tensile stresses. Bolshakov et al. reported the de-
pendence of mechanical properties on applied or residual stress [? ]. Pile-up and sink-in
20
leads to apparent indentation elastic modulus and hardness.
Figure III.7: Top view of the indent
Figure III.8: Front view of the in-
dent
In this study, nanovision technique of nanoindentation was used in correcting the con-
tact area. Figure ?? and ?? show the top and front view of the indent respectively. Figure
?? clearly shows the pile-up in obsidian. Profiling the top view in X and Y direction, figure
?? and ?? are used to find the coefficients a1, a2, a3 of equation ??. These coefficients are
used to calculate the pile-up area. The co-efficients and pile-up area calculated are used in
the equations ?? and ??, to determine ∆A . Using the Atrue, the apparent elastic modulus
and hardness of obsidian were calculated [? ]. Figure ?? and ?? show the variation of
apparent indention modulus and hardness of obsidian with reference to the indent number
respectively. Based on these plots we can conclude that apparent indentation modulus and
hardness are decreased with the affect of pile-up.
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Figure III.9: Profile of X in Z direction Figure III.10: Profile of X in Y direction
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Figure III.11: Apparent Indentation modulus after area correction
A simple experiment was performed to understand the difference between as received
obsidian and glass samples. Both the samples were heated to 500 °C and quenched it
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Figure III.12: Apparent Indentation hardness after area correction
rapidly in a tub of water. It is seen that soda-lime glass has shattered upon contact with wa-
ter whereas obsidian samples have not shattered. Obsidian can take bigger thermal shock
when compared with soda-lime glass. There can be stresses generated as all the layers in
the glass samples do not cool at the same rate. This differential cooling process can lead
to residual stresses. This experiment gives us insight that obsidian is a stronger material
as it is rapid cooled when compared to soda-lime glass based on its thermal history.
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III.5 Thermal Annealing Analysis
To understand the role of residual stresses in obsidian and soda-lime glass, these samples
have been thermally annealed to different temperatures. Figures ?? and ?? show the
variation of indentation modulus and hardness with annealing temperature. It is observed
that there is a decrease in elastic modulus and hardness when both the glasses have been
thermally annealed. A greater decrease of elastic modulus and hardness in soda-lime glass
is noticed after 500 °C. To explain this behavior it is very important to determine the
transition temperature of obsidian.
After every thermal annealing cycle, SEM-EDS was performed to check for composi-
tional changes. Obsidian and glass showed no compositional change, which fact is vali-
dated by this study; this is consistent with literature [? ]. FTIR also showed no shift in
peaks after thermal annealing. There were no physical changes until 600°C. At 700 °C
obsidian showed a white discoloration and at 800°C thermal cracking and minor vesicu-
lation was observed. At 900°C the obsidian sample completely vesiculated as shown in
figure ??, this is due to off-gassing. After 700°C the soda-lime glass started to bend and
melt so indentation measurements were not possible after this temperature.
Differential Scanning Calorimetry (DSC) was performed to determine the glass tran-
sition temperature of obsidian. Glass transition temperature is that temperature at which
there is a change of slope for the specific volume versus temperature curve. Figure ??
shows the glass transition temperature of obsidian to be around 800°C. The glass transi-
tion temperature of soda-lime glass was measured to be 530°C [? ? ]. As the Tg of glass
is lesser than that of obsidian we have seen a greater decrease in mechanical properties at
500°C.
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Figure III.13: Apparent Indentation modulus vs annealing temperature
This decrease in elastic modulus and hardness upon thermal annealing may be apparent
as the measurement of mechanical properties by indentation involves the factor of contact
area. This also can be explained due to the fact that the elastic modulus being an inherent
property of a material and should not be influenced by stress [? ]. Bolshakov et al.,
proved in his study that contact area calculated from nanoindentation is incorrect if there
are residual stresses present in the material. Residual stresses can be both compressive and
tensile in nature. Force generated by the indenter generates a shear stress which can be
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Figure III.14: Apparent Indentation hardness vs annealing temperature
either tensile or compressive in nature. The tensile stress enhances the shear stress beneath
the indenter whereas compressive stress will reduce the shear stress. The plasticity beneath
the indenter is affected by these shear stresses and it is shown in form of pile-up and sink-
in [? ? ]. Residual stresses indirectly affect the contact area as they affect the plastic
deformation during indentation [? ? ]. Phar et al. showed that stresses affect the hardness
and elastic modulus which indirectly affects the contact area, which helps us validate our
experiments [? ].
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Figure III.15: Obsidian after thermal annealing at 900°C
To correct for pile-up or sink-in, the calculations detailed earlier were used. There
might be a chance that strain hardening in obsidian is causing the material to be displaced
far away from indention and resulting in sink-in [? ]. Figure ?? shows the final elastic
modulus after correction whereas ?? shows the variation of indentation hardness after
correction. An effect of annealing is to increase the nanoindentaion elastic modulus [? ].
An increase in elastic modulus is observed at after Tg. This shows that soaking time plays
an important role in annealing. As the soaking time in these experiments is only two hours,
the stresses may not be completely released in obsidian when it is heated to a temperature
below Tg. Also figure ?? shows that the apparent elastic modulus increases at 800°C
after correction for pile-up. This also might be the effect of residual stresses in obsidian.
As this temperature is close to Tg, annealing for two hours can completely relieve stress
which might cause an increase in modulus and hardness. To understand the role of residual
stresses we need to quantify the stresses with change in annealing temperature and soaking
time.
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Figure III.16: DSC analysis of obsidian
III.6 Effect of Residual Stresses
To quantify the role of residual stresses in obsidian, a Vickers indent was introduced as a
defect in obsidian. Kese et al. observed the influence of stress on measured mechanical
properties of soda-lime glass with the help of vickers defect [? ]. The Vickers indented
samples were thermally annealed to two different temperatures with the aim of relieving
stresses. The samples were brought back to room temperature and nanoindentation was
performed around the Vickers indent at an angle of 45 degrees.
Figure ?? shows a SEM image of the obsidian surface after nanoindentation. Two
temperatures were chosen in such a way that, one temperature was below Tg (500°C)
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Figure III.17: Apparent Indentation modulus after area correction
and another was above Tg (800°C). Figure ?? shows the variation of apparent elastic
modulus with distance from the vickers indentation for 500 °C whereas figure ?? shows
the same for 800 °C. It can be observed that the apparent elastic modulus increases as the
distance from the indenter and it can be be seen that the apparent elastic modulus has also
changed with soaking conditions. The elastic modulus of obsidian being higher around
800 °C, to understand this behavior better, the residual stresses in obsidian have been
calculated. Using the relation ?? between elastic modulus and residual stresses developed
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Figure III.18: Apparent Indentation hardness after area correction
by Mallinder and Proctor a fourth power polynomial fit was applied to the obtained data [?
]. Figures ?? and ?? show the variation of residual stresses for different hold times across
the stress field. The distance x, from the edge of the indent is normalized with respect to
size, d, of the indent.
beginfigure[htb]
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Figure III.19: SEM: Nanoindents around vickers Indent
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Figure III.20: Variation of apparent elastic modulus with distance from the indenter
Variation of apparent elastic modulus with distance from the indenter
σ ≈ 1
10.22Eo
(E2o − E2) (III.2)
The above graphs shows that residual stress reduction is higher at a temperature near Tg
for a shorter soaking time. It can also be inferred that stresses are higher at the edge of the
indent and decrease away from it. Such a behavior was also observed in aluminum alloys
and different type of glasses. The only difference between obsidian and soda-lime glass is
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Figure III.21: Residual stresses variation in obsidian annealed at 500°C
that obsidian can withstand very high temperatures whereas glass melts at around 730 °C.
The assumed stress relief is due to the decrease of plasticity in obsidian. The temperature
above and near Tg has higher activation energies and are generally responsible for greater
structural equilibrium. Complete stress relaxation may be achieved at a temperature below
Tg for soda-lime glass if it is thermally annealed for more than 24 hours [? ]. The same
may be the case for obsidian too. This study infers that the mechanical properties are
affected both by Tg and soaking time during thermal annealing, which changes the amount
33
0 2 4 60 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
Res
idua
l St
res
s (G
Pa)
x / d
T  =  8 0 0 o C N o  a n n e a l 1  h r  a n n e a l 2  h r  a n n e a l
Figure III.22: Residual stresses variation in obsidian annealed at 800°C
of residual stress in the material. Although this method cannot resolve the residual stress
field into its components and it is not yet clear how the tensile and compressive stresses
combine to produce the desired results. These experiment shows that at these temperatures
the residual stresses in obsidian relax.
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CHAPTER IV
CONCLUSION AND FUTUREWORK
IV.1 Conclusion
Comparative examination of obsidian with soda-lime glass shows distinctive mechanical
behavior. Nanoindentation results show that hardness of obsidian is higher than that of
soda-lime glass. The mechanical properties were corrected for pile-up and a decrease
in apparent modulus and apparent hardness was observed. Spectral analysis concludes
the presence of alumina in obsidian, this allows obsidian to be an alumino-silicate glass.
Presence of Fe in obsidian’s composition can be interpreted for its black color. Thermal
annealing of obsidian at different temperatures shows an apparent decrease in elastic mod-
ulus which might be due to the presence of residual stresses. The apparent indentation
modulus and hardness after annealing were corrected for pile-up and sink-in behavior.
The decrease in elastic modulus below Tg can be due to the fact that there might not be
complete release of residual stresses or there might be dominance of tensile stresses in
obsidian. It is speculated that residual stresses depend both on the annealing temperature
and soaking time.
There cannot be a single reason for obsidian’s superior mechanical properties. Through
this study it is speculated that residual stress play a vital role in deciding obsidian’s me-
chanical properties. It is not yet clear if the pre-induced stresses in obsidian upon rapid
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cooling are either tensile or compressive. More understanding of the thermal history of
obsidian gives us insight into the mechanical properties.
IV.2 Future Work
There are a few things which can be addressed to further understand the role of residual
stresses of obsidian more clearly; they are:
• Understanding the yield strength of obsidian at different annealing temperatures,
will help in comprehending the behavior of obsidian without the effect of contact
area. This can be done from spherical indentation test.
• Quantifying the residual stresses in glass by the means of a polarimeter based on the
principles developed by Jessop et al. [? ]. The equation ?? used for finding out
stresses is only an approximate one as it considers only uniaxial stresses.
• A clearer picture would be obtained if a series of finite element simulations are
performed to carefully examine how stress influences the indentation process in ob-
sidian and compare them to the experimental methods.
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